Immunosuppressive myeloid-derived suppressor cells (MDSCs) and regulatory T cells (Tregs) are associated with immunologic tolerance and poor prognosis in ovarian cancer (OvCa). We hypothesized that women with germline BRCA1 and BRCA2 mutation-associated (gBRCAm) OvCa would have fewer circulating immunosuppressive immune cells compared to those with BRCA wild-type (BRCAwt) disease during their early disease course (<5 years post-diagnosis) where gBRCAm is a favorable prognostic factor. We collected and viably froze peripheral blood mononuclear cells (PBMCs) from patients with recurrent OvCa olaparib clinical trials (NCT01445418/NCT01237067). Immune subset analyses were performed using flow cytometry for Tregs, exhausted CD8 + T cells, monocytes and MDSCs. Functional marker expression, including cytotoxic T lymphocyte-associated protein 4 (CTLA-4), T cell immunoglobulin and mucin domain 3 (TIM-3) and programmed cell death protein 1 (PD-1) was evaluated. Data were analyzed using FlowJo. Pretreatment PBMCs were collected from 41 patients (16 gBRCAm/25 BRCAwt). The percentage of MDSCs among viable CD45 + PBMC was lower in gBRCAm OvCa compared with BRCAwt OvCa (median 0.565 vs. 0.93%, P=0.0086) but this difference was not seen in those women >5 years post-diagnosis. CD8 + T cells among viable CD45 + PBMCs and CTLA-4 + /CD8 + T cells were higher in gBRCAm carriers than patients with BRCAwt,
Introduction
The development of immune checkpoint inhibition has led to important clinical advances in the treatment of advanced solid tumors (1) . However, patients with recurrent ovarian cancer have responded poorly to single-agent immune checkpoint blockade to date (2) . Challenges to this strategy include the distinct immune microenvironment that each ovarian cancer patient may have and the lack of reliable biomarkers (1) .
Tumors with DNA repair deficiency, e.g., mismatch repair defects, are recognized to have high mutational load, express more neoantigens, and are potentially susceptible to immune checkpoint inhibitors (3) . Tumor mutational burden and associated neoantigen expression correlate with the clinical activity of immune checkpoint blockade in lung cancer and melanoma (4, 5) . In ovarian cancer, germline BRCA mutation (gBRCAm)-related high-grade serous ovarian cancer (HGSOC) has higher mutational load and associated neoantigen expression compared with BRCA wild-type (BRCAwt) disease (6) , which may lead to recruitment of tumor-infiltrating lymphocytes (TILs) and host immune response (6) . In support of this, increased intratumoral CD3 + TILs are present in gBRCAm HGSOC but not in BRCAwt tumors (7) .
HGSOC is an immunogenic tumor (8) . The presence of T cells in the tumor microenvironment is associated with improved survival (8) . Immunosuppressive pathways, such as regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs), are prominent in HGSOC; these can be barriers to antitumor immunity and adversely affect clinical outcomes (9) .
Patients with BRCA mutated ovarian cancer may have fewer circulating MDSC and more peripheral CD8 + T cells compared with women with BRCA wild-type disease during the early disease course
Studies also suggest that a high density of Tregs is associated with a poor prognosis, possibly due to their suppressive effects on antitumor cytotoxic T cells (10, 11) . Additionally, MDSCs play a key immunosuppressive role in various types of cancer, including ovarian cancer. Wu et al reported ovarian cancer patients had significantly higher numbers of MDSCs in both peripheral blood and ascites compared to healthy donors, and ovarian cancer patients with higher levels of monocytic MDSC had a shorter relapse-free survival (12) . Thus, the characterization of MDSC phenotypes and their generation in blood and/or ascites from recurrent ovarian cancer remains to be elucidated. gBRCAm status is a favorable prognostic factor in HGSOC due to platinum-based chemosensitivity within the first decade after diagnosis. However, more recent data suggest that gBRCAm status may have a negative prognostic impact on disease-specific and all cause-survival beyond a decade post-diagnosis (13) . DNA repair deficiency in tumors is found to be predictive of higher 5-year survival probability, but at 10 years post-diagnosis, the benefit appears to be lost (6) . It is possible that changes in the immune milieu may partly contribute to the lack of long-term survival benefit in these patients. We therefore hypothesize that the gBRCAm HGSOC is associated with a more robust circulating immune response during their early disease course, compared to BRCAwt disease.
The immune system responds dynamically to variations in the tumor microenvironment (14) . Many studies indicate that altered compositions of peripheral immune cells, e.g., lymphocyte proportion, neutrophil proportion, and neutrophil-to-lymphocyte ratios in the peripheral blood, are potential markers for survival in cancer patients (15, 16) . Thus, monitoring these varying immune responses over time and treatment may uncover new vulnerabilities. In this pilot study, our aim was to quantify the immune subsets and functional markers using blood samples from HGSOC patients.
Materials and methods
Patients and isolation of PBMCs. This study was approved by the Institutional Review Boards of the Center for Cancer Research, National Cancer Institute and Dana-Farber Cancer Institute (DFCI). Peripheral blood mononuclear cells (PBMC) were collected before treatment from recurrent HGSOC patients enrolled on one of the two phase I PARP inhibitor olaparib trials at the Clinical Center of National Cancer Institute (NCT01445418 and NCT01237067) for Cohort 1 (17, 18) . All patients had at least a 4 weeks wash-out period from previous therapy before enrollment. BRCA mutation status was confirmed by a commercial BRCA testing (Myriad Genetic Laboratories) prior to enrollement on study.
To examine the findings from Cohort 1 in a broad patient population, PBMC samples were also obtained from unselected advanced stage or recurrent ovarian cancer patients enrolled on the blood collection protocols at DFCI or National Cancer Institute (Cohort 2). Blood samples were collected in cell preparation tubes with sodium citrate (BD Vacutainer CPT Tubes; BD Biosciences). PBMCs were isolated and viably frozen within 2 h from collection at National Cancer Institute and within 24 h for the samples collected at the DFCI; a minimum of 1x10 5 cells were acquired for each analysis. All patients reviewed and signed an informed consent form approved by the National Cancer Institute or DFCI Institutional Review Board for collection of blood samples.
Flow cytometric analysis. Multiparameter flow cytometric analysis was performed as described previously (19) . Briefly, cells were incubated with LIVE/DEAD Fixable Aqua Dead Cell Stain (1:100 dilution) (Thermo Fisher Scientific, Inc.) for 15 min at 4˚C, then incubated with Fc receptor blocking agent (1:10 dilution) (Miltenyi Biotec) and stained for 20 min at 4˚C in a dark room with the monoclonal antibodies listed in Table SI . For intracellular staining for Foxp3 expression, cells were fixed and permeabilized using a Fix/Perm buffer (eBiosciences) according to the manufacturer's instructions, then stained with anti-Foxp3 antibody. The immunophenotypic markers used to define immune cell subsets are listed in Table SII . All antibodies were purchased from BioLegend. Live cells were discriminated by means of the LIVE/DEAD stain, and dead cells were excluded from all analyses. All flow cytometric analyses were performed using a MACSQuant Analyzer (Miltenyi Biotec). As indicated, flow cytometric data were quantified either as a percentage of cells or as the median fluorescence intensity (MFI). Data were analyzed using FlowJo software (FlowJo LLC.).
Statistical analysis. An exact Wilcoxon rank sum test was used to compare differences in marker values between gBRCAm and BRCAwt patients. All statistical tests were two-tailed and the reported P-values are calculated using a formal correction for multiple comparisons (i.e., the Holm-Bonferroni method). This method sorts P-values in ascending order and compares them to a corresponding pre-defined value. Since there were 13 distinct hypotheses to be tested within each immune subset group, statistically significant P-values in our case were considered to be P i <0.05/i, where i ranges from 13 to 1 in descending order. Thus, in order to declare statistical significance, the following significance thresholds were calculated: P 1 <0.003846, P 2 <0.004167, P 3 <0.004545, …, P 13 <0.05, for the first, second, third …, and thirteenth tested hypothesis, respectively.
The Kaplan-Meier method was used to obtain estimates of progression-free survival (PFS). PFS curves were compared with a two-tailed log-rank test (α=0.05). We separated marker values at their corresponding observed baseline median values. An unstratified Cox regression model was used to estimate the hazard ratio (HR) for the high marker group relative to the low marker group. All analyses were performed using GraphPad Prism software version 6.0 (GraphPad Software Inc.). Tables I and II (Table II) . For Cohort 2, most patients (75% [55/73]) were <5 years post-diagnosis. Of the 18 patients who had more than 5 years from diagnosis, 17 patients relapsed within 5 years. We therefore chose a 5-year cut-off as a surrogate of the first decade after diagnosis given all except one patient had less than 10 years of follow-up.
Results

Patients. Patient characteristics are detailed in
Peripheral immune characteristics of recurrent HGSOC patients (Cohort 1). The percentage of MDSCs among viable CD45 + PBMCs was lower in gBRCAm HGSOC compared to BRCAwt disease ( Fig. 1A-C ). The percentage of lineage (lin)-MDSCs was overall lower in gBRCAm carriers (BRCAwt vs. gBRCAm, median 0.93 vs. 0.565%, p=0.0086; Fig. 1A) . This difference was observed in gBRCAm patients <5 years post-diagnosis (BRCAwt vs. gBRCAm, median 0.815 vs. 0.565%, p=0.044; Fig. 1B ) but not at >5 years post-diagnosis ( Fig. 1C) . Similarly, the percentage of monocytic MDSCs was overall lower in gBRCAm carriers (BRCAwt vs. gBRCAm, median 0.53 vs. 0.205%, p=0.0079; Fig. 1D ). There was a trend of difference observed in gBRCAm patients <5 years post-diagnosis ( Fig. 1E ) but not at >5 years post-diagnosis ( Fig. 1F ). Additionally, gBRCAm HGSOC patients had fewer circulating lin-MDSCs and monocytic MDSCs independent of platinum-sensitivity and prior exposure to bevacizumab ( Fig. S1A-D) .
Overall, there was a trend of difference observed in gBRCAm patients in the percentage of circulating CD8 + T cells among viable CD45 + T cells ( Fig. 2A ) independent of platinum-sensitivity and prior exposure to bevacizumab We next evaluated the expression of other immunosuppressive markers, e.g., TIM-3 and PD-1 on CD8+ T cells. No significant differences were observed between gBRCAm and BRCAwt patients in expression of TIM-3 and PD-1 on CD8 + T cells ( Fig. S2A-F ).
No significant differences were observed between gBRCAm and BRCAwt patients in the percentage of immature MDSCs (Fig. 3A-C ). No significant differences were observed between gBRCAm and BRCAwt patients in the percentage of granulocytic MDSCs (Fig. 3D-F ). We also evaluated the ratio of each subtype of MDSCs to circulating CD8 + T cells. There was a trend of difference observed in gBRCAm patients in the ratio of lin-and monocytic MDSCs to CD8 + T cells ( Fig. 3G and H) but no other differences in proportion of MDSCs were found (data not shown). No difference in the percent/proportion of Tregs was found between gBRCAm and BRCAwt patients (data not shown). Fig. 4B , and HR, 0.09; 95% CI, 0.015-0.55; P=0.007; Fig. 4C, respectively) . Other immune subsets did not differ between the two groups. Specifically, no significant differences were observed in PD-1 on CD8 + T cells expression, CTLA-4 on Tregs expression or percentage of granulocytic MDSCs between gBRCAm and BRCAwt patients (Fig. 4D-F and Fig. S3A-F) .
Peripheral immune characteristics of Cohort 2 unselected primary or recurrent HGSOC patients. We next examined our findings from Cohort 1 in the unselected Cohort 2 ovarian cancer patient population who enrolled on the blood collection protocols (Table II) . Approximately 88% (64 of 73) had recurrent HGSOC and 25% (18 of 73) were gBRCAm carriers. The percentage of MDSCs among single CD45 + viable cells was not significantly different (data not shown). CTLA-4, PD-1 or TIM-3 expression on CD8 + T cells did not show any differences in gBRCAm HGSOC patients compared to BRCAwt HGSOC regardless of platinum-sensitivity, prior exposure to bevacizumab or years from initial diagnosis (data not shown).
Survival and progression data were not available for PFS analysis.
Discussion
Patients with gBRCAm ovarian cancer have increased therapeutic susceptibility to platinum agents and have a longer median survival time compared to those without gBRCAm. This earlier chemosensitivity does not appear to persist into long-term survival beyond a decade from diagnosis (20) . Our findings suggest that gBRCAm recurrent HGSOC patients may have fewer circulating immunosuppressive MDSCs and more CD8 + T cells early in their disease course. This is the description of a potentially active immune microenvironment that could enhance response to therapy. The loss of this benefit and/or equivocation over time could presage immune exhaustion and reduced treatment susceptibility. It is possible that the loss of this differential coincides with the progressive loss of platinum sensitivity and multiplicity of treatment regimens, and may be partly associated with immune tolerance and loss of long-term survival advantage.
There is correlative evidence that native host anti-tumor immune mechanisms play a role in clinical outcome of epithelial ovarian cancer; the presence of greater intra-tumoral CD3 + T cell infiltrates is shown to prognosticate improved outcome in advanced ovarian cancer (8) . Ovarian tumors with dense CD3 + CD8 + T cell infiltrates are strongly associated with favorable clinical outcomes; the five-year overall survival rate was 38% among patients whose tumors contained CD3 + T cells and 4.5% among patients whose tumors contained no T cells (P<0.001) (21) . Also, gBRCAm HGSOC is shown to have a better prognosis when there is increased immune cell infiltrate in tumors (7, 22) . Hwang et al reported that a lack of intraepithelial TILs was associated with a worse survival outcome among ovarian cancer patients (pooled HR: 2.24, 95% CI; 1.71-2.91) (23) . In support, increased Treg infiltration is related to poor prognosis in ovarian cancer (24) . These data suggest that host immunity may play a role in delaying or preventing tumor recurrence after standard treatment and that immunosuppressive cells suppress the host anti-tumor immunity, leading to poor outcomes. In our pilot study, gBRCAm HGSOC patients had fewer circulating MDSCs and a concomitant increase in circulating CD8+ T cells during their early disease course. The low numbers of MDSCs in gBRCAm patients may indicate a lack of widespread immunosuppression. MDSCs are immunosuppressive cells, known to down-regulate anti-tumor immunity (25) . MDSCs represent a heterogeneous family of myeloid cells that suppress T cell immunity in tumor-bearing hosts and promote cancer cell proliferation, epithelial-mesenchymal transition, and tumor dissemination (26) , and that promote immune suppression in epithelial ovarian cancer mouse models (27) . Furthermore, MDSCs suppress the antigen-specific T cell response induced by both CD4 + and CD8 + T cells, and elevated concentrations of MDSCs are detected in the peripheral blood of cancer patients when compared with normal controls (28, 29) . Also, it has been proposed that MDSCs may enhance the ovarian cancer stem cell pool and thus increase the risk of relapse (30) .
Additionally, our findings showed a higher expression of CTLA-4 on CD8 + T cells in gBRCAm carriers. Higuchi et al reported a CTLA-4 antibody, but not PD-1/PD-L1 blockade, synergized therapeutically with a PARP inhibitor, resulting in immune-mediated tumor clearance and improved survival in immunocompetent BRCA1-deficient murine ovarian cancer models (31) . In this report, authors demonstrated the survival benefit of this combination was likely T-cell mediated and dependent on increases in local interferon (IFN)-γ production in the peritoneal tumor microenvironment. BRCA1 regulates IFN-γ signaling, upregulating the signal transducers and activators of transcription (STAT)1 and STAT2, involved in type I IFN signaling and activation of innate immune responses (32) . Xu and colleagues also reported loss of BRCA2 upregulates a subset of IFN-related genes, e.g., APOBEC3F and APOBEC3G in BRCA2 knockout HCT116 colorectal carcinoma cells (33) . The role of BRCA1 and BRCA2 in regulating IFN-γ signaling and immunosuppressive cells, along with associated clinical outcomes remains to be further elucidated.
There are preclinical data suggesting that DNA damages induced by platinum agents or PARP inhibition activate cGAS/STING pathway, resulting in activation of type I IFN and immune responses (34, 35) . Ding et al (34) reported PARP inhibition induces both adaptive and innate immune responses through a STING-dependent antitumor immune response in BRCA1-deficient ovarian mouse models. gBRCAm HGSOC is shown to have a higher tumor mutational burden and neoantigen expression compared with BRCAwt disease (6) , which may further induce T cell activation and anti-tumor immunity. These findings suggest the PARPi and/or carboplatin in combination with immune checkpoint blockade may be a therapeutic opportunity for subsets of ovarian cancer patients. Further preclinical and clinical studies are warranted to explore this possibility.
Shifting the immune balance by the interruption of pro-tumor immunosuppression can enhance anti-tumor immunity, as shown in melanoma (36) . The PD-1/PD-L1 interaction promotes this imbalance favoring tumor-mediated immunosuppression (37) . Although we did not find any differences in peripheral PD-L1 expression on immune cells in our study, Strickland et al reported a significantly higher expression of PD-1 and PD-L1 on intraepithelial and peritumoral immune cells in gBRCAm ovarian cancer compared with HR-proficient tumors (7) . PD-1/PD-L1 axis upregulation causes 'exhaustion' of T cells allowing cancer growth and disruption of CTL-mediated tumor killing, which may partly contribute to a poor prognosis in advanced ovarian cancers (38) (39) (40) (41) (42) (43) . However, our post-hoc correlative findings should be interpreted with caution and viewed as hypothesis generating because of the small number of samples we assessed.
Recent studies demonstrated an important role of TIM-3 T cell exhaustion in cancer (44) (45) (46) . Wu and colleagues investigated the expression of TIM-3 on peripheral CD4 + T and CD8 + T cells in ovarian cancer and showed elevated expression of TIM-3 in T cells were associated with advanced stage and a higher tumor grade (poorly differentiated) (44). Kuchroo et al reported TIM-3 and PD-1 were coexpressed on CD8 + TILs in mice bearing transplanted tumors as well as on NY-ESO-1-specific CD8 + T cells in patients with advanced melanoma (46) . Consistent with these reports, our current study showed higher TIM-3 was associated with poor prognosis in recurrent ovarian cancer patients, suggesting TIM-3 negative regulation on various T cell subsets. Blockade of TIM-3 pathways therefore may be an effective strategy in controlling tumor growth.
Our study has some limitations. First, our small sample size and less than a decade follow-up in most cases may introduce biases in estimating clinical benefit and our correlative endpoints were exploratory. Also, we were not able to complete the subgroup analysis e.g., gBRCA1m vs. gBRCA2m due to the small sample size at this time; future studies on this topic are warranted given possible survival differences between gBRCA1m and gBRCA2m carriers (47) . We note that the small sample sizes in the present study prevent the statistical analysis from being extrapolated to the overall gBRCAm and BRCAwt patient populations. Therefore, it is possible that this limitation may affect the clinical and statistical significance of our findings. Secondly, we did not assess tissue immune subsets due to limited or unavailable tissue samples, and thus we cannot address how many of our patients may have both tumoral and peripheral immune exhaustion characteristics. Further, we did not perform transcriptome on clinical samples to evaluate gene signatures for T cell activation or exhaustion status (48) . Lastly, we did not observe similar findings across immune subsets in Cohort 2, an unselected ovarian cancer sample set, most likely reflecting the more substantial heterogeneity of that population as well as the dynamic changes of peripheral immune microenvironment between newly diagnosed and progressively treated patients. Also, Cohort 2 patients did not have a 4-week washout from previous or active treatment prior to blood sample collection that may have made findings difficult to interpret. Examination of these parameters has been prospectively planned into our ongoing phase 2 clinical trial of the PD-L1 inhibitor, durvalumab, with the PARP inhibitor, olaparib, and/or a VEGFR inhibitor, cediranib (NCT02484404), in which we collect baseline and on-treatment tissues and blood samples from recurrent ovarian cancer patients.
Overall, disease outcome is influenced by both patient host and tumor characteristics (20) . Among many characteristics, our pilot data suggest that fewer circulating MDSCs and higher CD8+ T cells among total PBMCs may be associated with favorable early clinical outcome of gBRCAm HGSOC patients. It is possible that changes in the immune milieu over the course of the disease contribute to the lack of long-term survival benefit. Further studies focusing on HGSOC are needed to further elucidate the long-term impact of immune factors on survival of gBRCAm HGSOC patients.
